Abstract. The South China Sea is one of the most important fishing grounds in China and is also a traditional fishing ground. In order to determine the primary productivity products suitable for various traditional fishing areas, this paper is based on three models of VGPM, Eppley-VGPM and CbPM, we estimate the primary and the average monthly data of marine primary productivity in 8 days, a detailed analysis of the differences in 2006-2015 of these products which the traditional fishing areas in the South China Sea on the interannual and seasonal variation and spatial distribution. The results showed: 1) the years of large interannual variability which three models are estimated to obtain are between 2008 and 2012. At the same time, it has been found that these 5 years is also a frequent occurrence of ENSO events, but the specific regulatory mechanisms need to be further studied, 2) data products estimated by each model which reflected the seasonal pattern of each fishing area have inconsistency, 3) the three models can be used to estimate the characteristics which the coastal and estuarine areas are higher than the open sea area, and deep sea basin is the lowest in space, however the NPP values estimated by the three models are quite different, and the highest estimated value is by Eppley-VGPM model.
Introduction
The South China Sea (SCS) is rich in fishery resources as the largest epicontinental sea in China (Qiu et al., 2008; Zhang et al., 2015) , and has formed three traditional fishing areas including north, middle and south fishing area (Chu et al., 2002) . And estimating oceanic primary productivity from satellite data becomes more and more significant for areas with large spatio-temporal scale . While there are some unknown problems that if there are differences or how about the goodness of fit among products generated by different sensors, inversion algorithms or estimation models (Liao et al., 2014) , which must be considered before choosing which kinds of NPP products as the SCS's research materials. Because of existing some differences between inversion algorithms of different sensors, it is difficult to make comparative studies among NPP results estimated by different models and data sources. Thus it is necessary to do an intercomparison work among NPP products estimated by different kinds of models based on same remote sensing inversion data in the SCS for understanding comprehensively differences of these products as well as the causes of these differences and choosing the appropriate product as research data.
Although the estimation works of NPP in different sea areas were done by multiple kinds of models from remote sensing, and homologous field validation studies were accomplished (Campbell et al., 2002; Carr et al., 2006; Saba et al., 2010 Saba et al., , 2011 . For instance, ocean primary production estimated by twelve algorithms from surface chlorophyll, temperature and irradiance was compared with daily production derived by 14 C uptake measurements in the second Primary Productivity Algorithm
Round Robin (PPARR) activity, and the opinion that the performance of different models were independent of the algorithms' complexity was presented (Campbell et al., 2002) . Then Scholars had done a comparison of global estimates of marine primary production from ocean color, which showed that current models were challenged by some special factors (Carr et al., 2006) . But these field validation data are limited to the coverage in space and time (Liao et al., 2014) , which can not provide a criterion of magnitude for the SCS's NPP. These previous studies showed that the differences among estimation of NPP existed in their studying area, and there is no complete comparative research of NPP products in the SCS. The oceanic primary products, such as NPP products estimated by standard Vertically Generalized Production Model (Standard VGPM), an "Eppley" version of the VGPM (Eppley-VGPM) and Carbon-based Production Model (CbPM) based on MODIS inversion data, have been compared to discuss the annual and seasonal variation of the whole open South China Sea (Xu et al., 2017) . The Standard VGPM just is the original VGPM, which is a common chlorophyll-based algorithm used to estimate regional and global ocean NPP (Behrenfeld et al., 1997 ). Eppley-VGPM employs basic model structure and parameterization of VGPM. The only difference is that the Standard VGPM uses polynomial relationship, which is replaced with the exponential relationship described by Morel and Eppley for Eppley-VGPM to describe temperature-dependent photosynthetic efficiencies (Behrenfeld et al., 1997; Eppley et al., 1972; Morel, 1991) . The CbPM is a carbon-based model, which estimates NPP by retrieving the satellite chlorophyll and the particulate backscattering coefficients to estimate phytoplankton carbon biomass for ocean NPP estimation (Behrenfeld et al., 2005; Westberry et al., 2008) .
This paper aims at doing a zone statistics for the existing ocean NPP products estimated by the three models from MODIS data based on the units of traditional fishing areas of the SCS, and doing some analysis of their differences and the cause of the differences in the SCS in order to improve the ocean NPP estimation algorithms and provide a reference for the data filtering and application.
Materials and methods
Traditional fishing area of the SCS was taken as basic statistical unit in this paper ( Figure 1) . In order to eliminate difference generated by longitude, north and Middle fishing areas were divided into east and west two parts, respectively. Therefore, the studying areas include western part of north fishing area (17.5-22°N, 106°-113.5°E), Zhou et The global NPP data with HDF format were preprocessed including reading, image cropping, invalid values removing and calculating average in MATLAB, which were cropped in accordance with the scope of the studying area. The following text is the program code to preprocess the NPP product for one model and western part of north fishing area: We used MATLAB to calculate interannual averages within ten years for the three models products in five fishing areas. The annual variation, the average differences in seasonal differences of the ocean NPP in the SCS were analyzed by diagram (Liao et al., 2014) . Distributes comparison for annual high NPP and low NPP in different fishing areas of the SCS were presented by ArcGIS.
Results
In the western part of the north fishing ground (Fig. 2a) In the eastern part of the northern fishing ground ( The eastern part of the middle fishing area (Figure 2d) , the VGPM and Eppley-VGPM models show a stable fluctuation within 10 years, and the basic trend is consistent. The NPP level is the lowest in 2010, but the Eppley-VGPM model has a higher value, which is In the southern fishing ground (Fig. 2e) , Values by VGPM model had no significant change within 10-year period except for a small peak in 2011, with NPP levels concentrating in the range of 440~480 mg C / m²d, which were the lowest level in all models. The Eppley-VGPM model shows a steady-state fluctuation, with a decade-long Zhou et Fig.2 showed that the annual mean value of NPP in the South China Sea, which was obviously regional, NPP levels were higher in the northern fishing ground than that in the southern and middle fishing ground, with the NPP values higher in the western region than that in the eastern region in the longitude direction.
In the west of the northern fishery area (Fig. 3a) , the NPP in winter (December-February) is the highest in the VGPM model, decreasing gradually in the spring (March to May) ,decreasing in summer (June to August) to the lowest level, and begining to rise in autumn (September -November), which is the highest in winter, followed by spring and lowest in summer.The peak of NPP in the Eppley-VGPM appears in summer and the NPP reached the highest value in July. After September, it begins to decline slowly and reached its peak in winter, and the autumn was second only to summer. The CbPM model has the same seasonal distribution pattern as the Eppley-VGPM model, which is the highest in summer, followed by autumn and lowest in winter. In the east of the northern fishery area (Fig. 3b) , the VGPM model estimates are highest in winter, followed by spring, and appropriate in summer and autumn, but the data shows that NPP gradually increases after September, and the lowest NPP is in the August and September. NPP in the Eppley-VGPM and CbPM models has a similarity over the course of a year, with similar peaks and troughs, peaks in summer and troughs in April and December. The difference is that the estimates of Eppley-VGPM is lowest in spring and the estimates of CbPM is lowest in winter. The estimates of other two models are very different. The estimates of Eppley-VGPM model is 1.4 times as the CbPM model.
In the west of the central fishing area (Fig. 3c) , the VGPM model estimates are consistent with the NPP seasonal variation in the northern fishing zone, with the highest in winter, followed by autumn and the lowest in summer. The Eppley-VGPM model developed a valley and a peak from August to October, with the highest in autumn, followed by summer and the lowest in spring. The CbPM model has a similar trend to the Eppley-VGPM model during the one-year period. From July to September, NPP has a peak value, with the highest in summer, followed by autumn and spring in autumn. In the eastern part of the central fishing area (Fig. 3d) , the VGPM model estimates is the highest in winter and lowest in summer, with a similar NPP in spring and autumn, only 270-280 mg C / m²d. The Eppley-VGPM model estimates do not reflect seasonal variations. CbPM model formed trough in September,with the highest in winter in the year, followed by spring, and the lowest in summer. In the southern fishing area (Fig. 3e) , the VGPM model estimates is the highest in winter and NPP in the other seasons is generally in the range of 400 to 426 mg C / m²d. Eppley-VGPM estimates are the highest in winter and NPP in the other seasons is not seasonal. The CbPM model estimates has a small peak in spring, followed by winter and the lowest in the autumn.
The spatial distribution of NPP estimated by the VGPM model is mainly composed of two low value areas and coastal high value areas and the maximum value is 3400mg C/m is the lowest. The northern area of northern high value areas is mainly distributed in the northern Gulf of Leizhou Peninsula, the East and west coasts of the shallow sea and the Qiongzhou Strait, NPP decreases from north to south, the whole area of NPP were higher. The high value of North regions of eastern areas are mainly located in the Pearl River Estuary, northern continental shelf area, and decreased from north to south, forming a low value area in the west of the Luzon strait. In the middle western areas, high value areas are mainly distributed in the Mekong Delta region and the eastern continental shelf area of Vietnam, NPP decreased from west to East. Because the Middle East area is in the north deep basin area, forming a low value center, NPP is the lowest than other areas. The southern area of high value areas is mainly distributed in the Mekong River in southern Haikou, Western Malaysia continental shelf areas, the low value center is located in the South deepwater basin region. The spatial distribution of NPP estimated by Eppley-VGPM model is similar to that of VGPM model, but the estimated values are much higher than the other two models, the highest value is 5406 mg C/m 2 d, the lowest value is 480 mg C/m 2 d. On the north western area, in the whole Beibu Gulf region, the NPP is higher from the east and west coast of Leizhou Peninsula to the Qiongzhou Strait region. In the north eastern area, the NPP value of the Pearl River estuary is higher than nearby shelf area and decreases from north to south, forming a high value area in the vicinity of the Dongsha Islands and an obvious low value area in the west of Luzon strait. In the central area of western, the NPP near Paracel Islands is higher than the surrounding area, forming high value area in the Mekong River Estuary, East Vietnam shelf regin. In the Middle East area, most of the region is in low value area. In the southern area, the NPP of coastal area is higher than off the coast, forming a low value center in the southern deep water basin.
Figure 4. The figure exported by ArcGIS is about spatial distribution of high NPP and low NPP for standard VGPM, Eppley-VGPM and CbPM models within different fishing areas
The distribution difference of NPP which was estimated by CbPM model in space is also very obvious, the highest value is only 1950 mg C/m 2 d, the lowest value is 450 mg C/m 2 d. In the north western area, the high value areas are mainly concentrated in the Leizhou Peninsula in the East and west coasts of the shallow sea and near the Qiongzhou Strait, reducing gradually from the coast to the central region in the northern Gulf. In the north eastern area, the NPP of the Pearl River Estuary is quite similar to that of the and northern continental shelf area, which is Significantly lower than the NPP near the Leizhou Peninsula, at the same time, there is a small high value center near the Dongsha Islands in the eastern and northern regions, and a low value area is formed on both sides of the east and west. In the central area of western, except near the Mekong River Estuary and the NPP of other regions is lower than that of the nearby continental shelf, on average at about 650 mg C/m 2 d. In the deep basin region of central eastern area, it can be seen that there there is a large area of irregular low value area, which has a wide range of latitude. The southern area on the spatial distribution and the other two models to estimate the distribution of product the space is similar.
Discussion
The results above are obtained based on 10 years' average, but the differences are still very large. These differences show that the goodness of fit among products estimated by the three models in the SCS is low. Complexity of the SCS's ocean environment and diversities of algorithms are two main reasons for these results Liu et al, 2012) .
The SCS bounded by continent, gulf and some continental shelf., the largest marginal sea of China, is vast and rich in natural resources. Because of influence of the East Asian Monsoon and the Kuroshio Current, the upper ocean circulation of the SCS follows the change of monsoons (Liu et al, 2012; Ning et al., 2004) . There are some complicated physical phenomena in the SCS, such as mesoscale eddies, coastal upwelling, typhoon and Runoff (Liu et al, 2012; Huang et al., 1992) . These cause seasonal and spatial distribution of NPP significantly in the SCS. Strong regionalism and interaction between various factors increase the difficulty of estimating the SCS's NPP from remotely sensed data, which is one reason for the difference of NPP products in the SCS.
The estimated ocean NPP values in coastal areas are very high, especially estimated by the Standard VGPM and Eppley-VGPM, the maximum estimated by the two models are more than 3000 mg C/m² d. The cause of the result may be related to that the two models all use chlorophyll concentration data as the input data to estimate NPP . There are some considerations for NPP values in coastal areas, two reasons: 1) on the one hand, coastal upwelling and river runoff can carry rich nutrients, promote the growth of phytoplankton and improve coastal NPP, 2) but on the other hand, river runoff can carry silt and make costal sea turbid, which can result in uncertainty of chlorophyll data precision. The CbPM adopts the ratio of chlorophyll and phytoplankton carbon (Chl: C) as input data to estimate NPP, this is the difference from other two models. Diversity of algorithms is another reason, lead to the inconsistency between NPP products estimated by the three models. (Yu et al., 2016) . Although the specific impact mechanism needs to study in the further study, it can be concluded tentatively that the anomalous events have significant correlations with the interannual variability of NPP in the SCS (Yu et al., 2016) . Previous studies have shown that the seasonal variation of the primary productivity in the South China Sea is obvious, but the seasonal variation has strong regional characteristics (Liu et al., 2012) . Due to the northeast monsoon in the northern of the South China Sea, the near-shore waters mixing is intense, and the mixed layer is deeper than the true light layer, so that the phytoplankton are frequently involved in or out of the true light layer, which is not conducive to photosynthesis (Le et al., 2008) . Related studies also suggest that primary productivity is highest in summer, followed by winter and lowest in spring at the northern of the South China Sea (Qiu et al., 2008) , Other studies have shown that primary productivity of the oceans near the coastal areas of Guangdong and Beibu Gulf is higher all the year around. Considering these two points, the Eppley-VGPM model can be initially considered to be more suitable for the west of the northern fishing area. In the west of the Luzon Strait, NPP is similar to the basin area in summer and it closes to the coastal area due to algal bloom phenomenon in winter. Therefore, the VGPM model is considered to be more suitable for estimating the NPP in the eastern of the northern fishing area. In the western of the central fishing area, the primary productivity in summer and winter is higher due to the presence of the eastern shelf and the Mekong River (Liu et al., 2012) . And studies have shown the NPP level is the highest in winter at the eastern continental shelf area of Vietnam (Wang et al., 2015) , while the summer NPP value estimated by the VGPM model was not as high as that in the previous studies. For these three models, the VGPM model is more suitable for NPP estimation in this region. In the eastern of the central fishery, the region is in a nutrient limited area because of the existence of the central basin. The positive correlation between the biomass of phytoplankton and organic carbon makes the backscattering coefficient of particles a better indicator to measuring the biomass of phytoplankton (Behrenfeld et al., 2005; Siegel et al., 2013) . Meanwhile, the seasonal variation of the region is not obvious and NPP value is lower than the near shore (Liu et al., 2012) . Therefore, it is more appropriate to use CbPM model to estimate the product for fishery application. The Southern fishing area is located in low latitude area and seasons change is not obvious, so the seasonal variation of NPP is not obvious (Wang et al., 2015) ; At the same time, the fishing area is located in the southern deep-water basin and in Mekong River into the sea. From the seasonal distribution of view, Eppley-VGPM and CbPM model products are suitable for the application of the region. And from the spatial distribution point of view, the Epple-VGPM model not only estimates the low-value areas of deep-sea basins but it can be seen in the Natuna is significantly higher than the surrounding basin, which is an advantage that CbPM model can be not reflected. Therefore, it is preliminarily concluded that the Eppley-VGPM estimation model is more suitable for the application in fishery area.
